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1. FOREWORD 

Bell  Helicopter  Textron  (BHT),  Fort  Worth,  Texas,  prepared  this 
report,  "Crashworthy  Airframe  Design  Concepts  Fabrication  and 
Testing",  for  the  National  Aeronautics  and  Space  Administration, 
Langley  Research  Center,  Hampton,  Virginia,  under  contract  NAS1- 
14890. Mr. Huey D. Carden  was  the  contracting  officer's  technical 
representative  and  also  directed  the  static  and  dynamic  testing 
done  by  NASA. 

Technical  tasks  in  this  program  were  conducted  under  the  direction 
of Mr.  James D. Cronkhite,  BHT  Project  Engineer.  Principal 
investigators at  BHT were: 

Design R. Mort 

NASTRAN  and V. Berry 
KRASH  analyses 

Stress  analysis  T.  Haas 

Fabrication Spinks  Industries - 
Ft.  Worth,  Texas 

Those  at  BHT  wish  to  express  their  appreciation of Mr.  Carden's 
assistance  and  support  in  the  performance  of  this  work  and 
especially  in  the  conduct of the  static  and  dynamic  testing at 
NASA. 



2. SUMMARY 

The  results  of  a  research  program  directed  toward  the  investi- 
gation  of  crashworthy  concepts  applicable  to  metal  airframe 
structures of general  aviation  aircraft  are  discussed.  The 
program  consisted  of  three  phases  as  follows: 

(1) development of concepts 
(2) design,  fabrication,  and  testing of full-scale  floor 

(3) modification of full-scale  aircraft  structure 
sections 

In  the  first  phase,  several  crashworthy  concepts of energy-ab- 
sorbing  lower  fuselage  structure  were  developed  and  design  support 
tests  conducted  to  determine  the  performance of  the  concepts.  The 
five  most  promising  concepts  were  then  selected  for  the  design of 
full-scale  floor  sections. 

In  the  second  phase,  full-scale  floor  sections  were  designed  that 
featured a high-strength  structural  platform  supported  by  crush- 
able  underfloor  structure.  The  platform  provided  structural 
integrity  for  the  attachment  of  crashworthy,  energy-attenuating 
seats.  The  subfloor  structure  utilized  the  crashworthy  concepts 
to  provide  a  crush  zone  for  crash  impact  energy-absorption  and 
load  control.  Mathematical  analyses  used  to  verify  the  floor 
section  designs  included  the  NASTRAN  computer  program  for  the 
static  load  conditions  and  the KRASH computer  program  for  the 
dynamic  crash  impact  load  conditions. 

Following  the  design  effort,  eighteen  floor  sections,  (three  or 
four  sections  for  each of the  five  concepts)  were  fabricated. 
Static  tests  were  then  conducted  at  NASA-Langley  Research  Center 
to  determine  the  load-deflection  characteristics of each  type  of 
concept  and  dynamic  drop  tests  were  done  to  determine  the  crash 
impact  response  of  the  floor  sections.  After  evaluation  of  the 
floor  test  results,  two  concepts  were  selected  for  incorporation 
into a full  fuselage. 

In phase  three,  two  twin-engine  airplane  fuselages  were  modified 
by  incorporating  crashworthy  floor  sections.  The  modified  fuse- 
lages  will  be  tested  at  NASA  Langley  Research  Center  in  the 
future  and  compared  with  earlier  test  results  of  unmodified 
fuselages. 

The  results of this  research  program  indicate  that  several of the 
crashworthy  structure  concepts  that  were  investigated  may  be 
applicable  to  future  airframe  designs  of  general  aviation  air- 
craft. 
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3. INTRODUCTION 

Preventing  the  occurrence of accidents  has  been,  and  probably 
will  continue  to be, the  number  one  objective  of  general  aviation 
manufacturers.  However,  even  with  intensive  studies of accidents, 
technological-advancements,  increased  reliability,  and  improved 
pilot  training,  accidents do occur. To reduce  the  risk of injury 
and  death in an  accident,  design  techniques  are  being  investigated 
in a joint  NASA/FAA  program  directed  toward  improving  the  surviv- 
ability  and  crashworthiness of general  aviation  aircraft. 

Crashworthiness  is a complex  subject  involving  human  tolerance, 
the  crash  environment  (impact  surface,  terrain,  aircraft  ve- 
locities  and  attitudes),  seats  and  restraints,  cabin  environment, 
post-crash  fire,  emergency  egress,  landing  gear,  and  the  airframe 
structure. In addition,  the  type of aircraft  will  affect  the 
crashworthiness  design  approach.  For  example,  to  provide  control 
of decelerative  loads  of  seated  occupants  in a vertical  impact, a 
different  design  approach  would  probably  be  used  for a large 
transport  aircraft  compared  to a light  fixed-wing  general  aviation 
aircraft  or a helicopter  (Fig. I). The  large  transport  structure 
having  considerable  depth of crushable  structure  may  not  require 
energy-absorbing  landing  gear  and  seats. On the  other  hand, 
light  fixed-wing  aircraft  and  helicopters  having  relatively 
little  crushable  airframe  structure  would  require  energy ab- 
sorption in the  landing  gear  and  seats,  as  well  as  the  fuselage 
structure,  to  prevent  injury  to  occupants  in  potentially  surviv- 
able  crashes. 

When  designing a crashworthy  airframe  structure,  there  are  many 
factors  to  consider (Fig.,2). Of  prime  importance  is  the  design 
of  the  airframe  to  maintain  structural  integrity  and a livable 
space  for  the  occupants.  Results  of  accident  investigations  have 
shown  that a protective  structure  around  the  occupant,  along  with 
adequate  restraint,  improves  the  occupant  crash  protection  in 
agricultural  aerial  application  airplanes  (Ref. 1). The  airframe 
structure  should  incorporate a high-strength  protective  shell  or 
cage  around  the  occupants.  This  structure  should  provide  roll- 
over  strength, a strong  support  structure  for  restraint  of  large 
mass  items  and  seats,  as  well  as  maintain  the  integrity  of  the 
normal  exits  for  emergency  egress.  The  forward  fuselage  structure 
should  be  designed  to  minimize  plowing  and  to  absorb  energy 
during  longitudinal  impacts. In addition,  the  crushable  structure 
in an  aircraft  should  be  dual  purpose;  that is, it should  be 
designed  to  carry  normal  airframe  loads  as  well  as  absorb  as  much 
energy  as  possible in a crash;  otherwise, a weight  penalty  will 
be  paid.  If  the  seat  support  structure  is  allowed  to  crush, it 
must  maintain  enough  structural  capability  to  support  the  seat 
loads.  If  the  seats  are  energy-absorbing,  the  crushing  structure 
must  not  interfere  with  the  stroking  seats. 
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Figure 2. Airframe structure crashworthiness design considerations. 



At NASA-Langley  Research  Center,  full-scale  testing of light 
fixed-wing  aircraft  is  being  conducted  to  study  the  crash- 
worthiness of airframe  structures  and  seating  systems  (Ref. 2). 
NASA observed  that  for  some of the  tests  that  resulted  in  high 
vertical  floor  loading,  severe  floor  distortions  and  loss of 
integrity of the  airframe  structure  occurred  such  as  shown in 
Fig. 3 .  Similar  results  have  been  observed in actual  crashes 
with  high  vertical  floor  loading  combined  with  longitudinal  loads 
as  shown in Figs.  4(a)  and  (b).  The  interior  view of the  airplane 
reveals  that  the  floor  is  wavy  and  separated,  seat  rails  are 
broken,  and  floor  structure  is  crumpled  under  the  front  seat 
legs.  The  intersections  of  the  longitudinal  keel  beams  and  the 
lateral  bulkheads  formed  "hard  points11 of  stiff  columns  that  did 
not  allow  crushing of the  subfloor  structure. 

To  study  the  airframe  structure  in  more  detail,  NASA  conducted 
drop  tests  of  smaller  fuselage  sections  (Fig. 5 )  with  loading 
from  seats  and  dummies.  This  report  describes  the  development of 
test  floor  sections  compatible  with  the  NASA  section  that  would 
improve  the  floor  structural  integrity  and  energy-absorption  of 
the  fuselage  in a crash.  The  results  of NASA's static  and  dynamic 
tests  of  the  floor  sections  are  described  in a paper  by  Carden 
and  Hayduk  (Ref. 3). 
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Figure  3 .  Floor  damage i n   t w i n - e n g i n e   a i r c r a f t   t e s t e d  a t  NASA-Langley. 



( a )   Ex te r io r  view 

- 
(b) I n t e r i o r  view 
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Figure 5. NASA fuselage  test  section. 
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4. DEVELOPMENT  OF  CONCEPTS 

4.1 TEST  SECTION  DESCRIPTION AND DESIGN ~- PHILOSOPHY 

The  primary  objective of the  study  was  to  develop  crashworthy . 

design  concepts  suitable  for  the  floor  sections of  light  aircraft 
such  as  the  twin-engine  airplanes  being  tested  at  NASA.  The 
floor  structure of the  NASA  fuselage  test  section  (Fig. 5) was 
used  as  a  basis  for  the  design of the  crashworthy  floor  sections 
and  is  shown  in  Fig. 6 with  floor  panels  removed  for  clarity. 
The  structure  consists of twin  longitudinal  keel  beams  about 39 
cm (15.5 in.)  apart  with a depth of about 20 cm (8 in.)  and 
lateral  bulkheads  spaced  between 20 cm (8 in.)  and 30.5 cm (12 
in.)  apart.  There  are  two  rows  of  seat  tracks  each  spaced  about 
28 cm (11 in.)  apart. 

The  strengths  of  the  floor  and  the  seat  tracks  were  increased  to 
be  compatible  with  floor-mounted  crashworthy  seats  that  NASA  was 
developing  (Ref. 2 ) .  The  primary  emphasis in designing  the  floor 
structure  was  to  ensure  that  structural  integrity  was  maintained 
so that  the  seats  'and  occupants  would  be  retained  and a pro- 
tective  shell  would  be  provided  in a crash.  This  would  prevent 
severe  floor  damage  such  as  that  shown  in  Figs. 3 and  4(b). 
Floor  damage  with  loss of structural  integrity  may  result  in  the 
seats  coming  loose  during  a  crash,  subjecting  the  occupants  to 
secondary  impact  with  the  structure  that  could  result  in  major 
injuries  or  fatalities. 

The  general  design  philosophy  chosen  for  the  floor  sections  is 
shown  in  Fig. 7 and  consists of a  strong  structural  floor  with  a 
crush  zone  underneath.  The  structural  floor  is a 5 cm ( 2  in.) 
deep  platform  designed  to  carry  loads  and  moments  imposed  by  the 
seat/occupant  and  to  maintain  seat-to-structure  integrity  without 
breaking  up,  heaving,  or  decreasing  the  cabin  volume.  The  energy- 
absorbing  subfloor  or  crush  zone,  which  is  about 15.2 cm (6 in.) 
deep,  is  designed  to  distribute  the  loads  to  the  upper  floor  as 
uniformly  as  possible  and  to  collapse in a  controlled  manner  to 
absorb  as  much  impact  energy  as  possible  at  or  near  human 
tolerance  levels. 

When  designing  the  crush  zone, it  is  important  that  the  crushing 
load  developed  during a crash  not  exceed  the  structural  capability 
yet be  sufficiently  high so that  maximum  energy  is  absorbed.  As 
shown  in  Fig. 7, the  load-deflection  curve  for  a  conventional 
structure  is  generally  characterized  by  a  high  peak  load  that 
will  tend  to  heave  up  and  destroy  the  floor  structural  integrity. 
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Figure 6 .  Floor of NASA fuselage test. 
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Figure 7. Lower  fuselage  design  philosophy. 
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The  high  peak  load  is  followed  by  a  sharp  drop in load,  normally 
following  a  stability  failure;  this  results in low  energy  ab- 
sorption  (area  under  the  load-deflection  curve). On  the  other 
hand,  the  ideal  crush  would  have  a  controlled  peak  load  that  is 
within  the  capability of the  structural  floor  and  is  rectangular- 
shaped  for  maximum  energy  absorption  as  shown  by  the  lfcontrolled 
load  concept1f  curve. 

As previously  mentioned,  crash  impact  loads on the  occupant  are 
controlled  to  within  human  tolerance  by  energy  absorption in the 
seats,  fuselage  structure  and  landing  gear  (Fig. 1). Often,  for 
aircraft  impacts  at  highly  oblique  angle  attitudes  or on rough  or 
soft  terrain,  the  landing  gear  may  fail,  leaving  the  fuselage 
structure  and  seat  to  absorb  the  kinetic  energy  and  to  control 
the  g-loads  (forces  normalized  by  the  gravitational  constant) on 
the  occupants.  Since  the  decelerative  g-loads on the  occupant 
are  inversely  proportional  to  the  stopping  distance,  a  reinforced 
structure  designed  to  minimize  structural  deformations  wiil 
result  in  increasing  g-loads  on  the  structure  and  occupants. 
Thus,  the  structure  should  be  designed  to  have a zone  that  is 
intended  to  be  crushed.  This  deformation  should  be  restricted  to 
areas  outside  the  livable  volume,  and it should  be  controlled. 

Although  the  work  described  herein  deals  primarily  with  future 
metal  airframe  designs,  future  airframes  constructed  of  composite 
materials  deserve  special  attention.  When  considering  the  appli- 
cation of composites  to  a  crashworthy  airframe  structure,  it  is 
known  that  these  materials  generally  exhibit  a  low  strain-to- 
failure  characteristic  behavior  compared  to  metals.  Ductile 
-metals, such  as 2024 aluminum,  can  tolerate  rather  large  strains, 
deform  plastically,  and  absorb  considerable  energy  without  frac- 
ture  or  separation.  Because  of  this  low  strain-to-failure  charac- 
teristic  of  composites,  energy  absorption  will  probably  not  come 
through  an  inherent  stress-strain  behavior  as it  can  with  metals, 
but  rather  through  innovative  design  configurations.  These 
configurations  will  provide  for  energy  absorption  and  force 
attenuation  by  other  means;  for  example,  the  protective  structural 
shell  can  be  surrounded  by  a  crushable  material  such  as  foam, 
honeycomb,  or  a  crushable  composite  concept.  The  crushable 
material  in  the  lower  fuselage  should  be  designed  to  attenuate 
crash  forces,  absorb  and  dissipate  energy,  and  distribute  loads 
to  the  stronger  primary  structural  shell.  Some  energy-absorbing 
concepts  that  can  be  applied  to  the  lower  fuselage  structure  of 
composite  structures  have  been  described  by  Cronkhite,  et.  al. 
(Ref. 4). However,  work  on  crashworthy  composite  structures 
deserves  further  study. 
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4.2 ENERGY-ABSORBING SUBFLOOR CONCEPTS 

Several  energy-absorbing  crush zone concepts  were  considered in 
this  investigation.  A  good  example of  a  crush  zone  design  approach 
is presented in the Army Crash  Survival  Design  Guide  (Ref. 5 ) ,  
and  is  shown in Fig. 8 .  More  conventional  concepts  such  as 
honeycomb,  foam,  closed  cells  with  orifices,  etc.,  were  also 
evaluated.  However,  material  deformation  concepts  that  utilized 
the  existing  structure  required  for  flight  and  landing  loads  were 
considered  the  most  attractive  since  redundant  weight  would  be 
minimized. 

Besides  energy  absorption,  there  are  several  practical  design 
considerations  for  the  subfloor  concepts.  First,  the  concept 
should  be  multipurpose  (used  for  airframe  strength  and  stiffness 
as well  as  energy  absorption) so that  the  weight  penalty  would  be 
minimized.  In  addition,  room  for  routing  controls,  wiring,  and 
plumbing  should  be  available.  Furthermore,  the  concept  should 
perform  well  under  combined  loading  with  various  aircraft  pitch 
and  roll  attitudes  at  impact  while  maintaining  a  protective  shell 
and  reacting  concentrated  loads  from  seats  and  large  masses. 
Finally,  the  concepts  should  be  practical  from  a  cost/produci- 
bility  standpoint. 

After  reviewing  available  energy-absorbing  concepts  and  consider- 
ing  their  incorporation  into  a  fuselage  structure,  five  concepts 
were  initially  selected.  (Note  that  these  were not the  final 
five  concepts  that  were  fabricated.)  The  five  concepts  are  shown 
in Fig. 9. From  left  to  right,  the  concepts  shown  in  the  figure 
are  described  as  follows: 

1. Formable  Keel  Web - This  concept  absorbs  energy  by 
plastic  forming  of  the  keel  beam  web  similar  to  that 
shown  in  Fig. 8 .  

by  deforming  preformed  corrugated  webs  plus  crushing  of 
the  foam  filler. 

absorbs  energy  primarily  by  crushing  foam  and  has 
structurally  tailored  notched  corners  to  reduce  load 
spikes  at  the  intersections of longitudinal  keel  beams 
and  lateral  bulkheads. 

4. Corrugated  Half-Shell - This  concept  absorbs  energy  by 
bending  deformation  of a curved  corrugated  shell. 

5. Foam-Filled  Cylinder - This  concept  absorbs  energy  by 
crushing  foam  with  the  cylinder  walls  needed  primarily 
for  web  shear  strength. 

2. Corrugated  Sandwich  Web - This  concept  absorbs  energy 

3. Corrugated Webmotched Corners/Foam - This  concept 

Note  that  many of these  concepts  used  foam  that  was  later  dis- 
carded  because it was  mostly  add-on  weight  and  relatively  heavy 
compared  to  metal-forming  concepts. 
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For most of  the  subfloor  concepts,  design  data  such as load- 
def lect ion were not  available so that  design  support  testing was 
required t o  develop  the  concepts  further. 



4.3 DESIGN  SUPPORT  TESTING 

Design  data  for  the  various  energy-absorbing  concepts  were  de- 
veloped  by  static  and  dynamic  compression  testing  in  order  to 
provide  load-deflection  data  and  evaluate  the  effect of rate of. 
loading.  By  varying  some  critical  parameters  such  as  thickness, 
geometry,  bend  radius,  etc.,  a  set of data  could  be  generated 
from  which  a  designer  could  size  the  energy  absorber  to  give  the 
desired  stroking  load. 

Initially,  one  might  attempt  to  design  the  crushing  structure 
stroking  load  at 14.5 grs, the  vertical  stroking  load  that  has 
been  widely  accepted  for  attenuating  seats  (Ref. 5). However, 
since  the  floors  were  designed  to  be  drop  tested at approximately 
9.1 m/sec (30 ft/sec)  and  there  is  only 15.2 cm (6 in.)  of  depth, 
the  ideal  g-loading  becomes  about  twice  this 14.5 g  stroking 
load.  This  is  quite  acceptable  since  the  most  important  design 
consideration  for  the  crush  zone  structure  is  that  the  crush 
loads  be  controlled  to  within  the  strength  capability of the 
structural  floor  that  must  react  these  loads.  The  vertical 
g-loads  to  the  occupants  are  best  controlled  by  the  seats  while 
the  airframe  structure's  most  important  role  is  to  retain  the 
seats so they  can  function  and  to  maintain a livable  volume  for 
the  occupants. 

Samples  of  design  support  test  load-deflection  data  are  shown  in 
Fig. 10. A complete  set  of  load-deflection  data  is  presented in 
Appendix A. Results  of  the  design  support  tests  are  summarized 
in the  following  paragraphs. 

1. Formable  Keel  Web - Fig. 11 graphically  compares  the 
energy  absorbed  with  the  formable  keel  web  by  varying 
certain  parameters  such  as  bend  radius  and  foam  density. 
The  formable  keel  web  performed  very  well  giving  a  nice 
flat  rectangular  load-deflection  curve  for  about 8 cm 
(3 in.)  out of  a 13 cm (5 .25  in.)  length.  The  poor 
stroke-to-length  ratio  was  due  to  the  high  density  foam 
core  that  was  used.  The  performance  would  have  been 
much  better  had  the  facesheets  been  thicker  and  had  the 
core  material  been  much  lower  density.  This  concept 
was  eliminated,  however,  because  the  webs  could  not  be 
fastened  with  rivets  and  still  be  used  structurally 
without  creating  an  initial  peak  load  that  was  much  too 
high. 

absorbed  by  the  corrugated  keel  web  with  two  different 
skin  thicknesses.  This  concept  had  excellent  per- 
formance  both  in  rectangular-shaped  load  deflection  and 
stroke-to-length  ratio.  The  stroking  load  was  rela- 
tively  low  compared  to  some of the  other  concepts,  but 
in  combination  with  the  required  notched  corners  used 

2. Corrugated  Keel  Web - Fig. 12 compares  the  energy 
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for  attaching  the  keel  beams  and  bulkheads,  the  energy 
absorption  was  acceptable.  Another  advantage of the 
corrugated  web  concept is  that it can  be  used  to  carry 
structural  loads  while  giving  low  compression  loads, 
making it useful in tailoring  with  other  concepts  such 
as  foam or notched  corners. 

3. Notched  Corners - This  concept  was  used  to  control  the 
crushing  load at beambulkhead intersections  that can 
be  extremely  stiff  hardpoints  and  "spear"  up  through 
the  structural  floor if not designed  properly.  The 
notched  angle  serves  as  shear  ties  between  the  keel 
beam  webs  and  bulkhead  webs  while  having  low  compression 
load  capability.  This  concept  was  used  extensively in 
conjunction  with  all of  the  concepts  except  the  corru- 
gated  half-shell  and  the  foam-filled  cylinders.  Fig. 
13  compares  the  energy  absorbed  for  various  sheet  metal 
thicknesses  utilized in a box  with  notched  corners  and 
in a cruciform  with  notched  corners. 

4. Corrugated  Half-Shell - This  concept  exhibits  good  load 
control  and  energy  absorption. It loses  some  efficiency 
initially  by  having a relatively  low  load  and  then 
develops a load  spike  at  about 10 cm (4 in.), at which 
point a fold on the  sides of  the  shell  bottoms  out on 
the  lower  surface of the  test  machine.  When  the  bottom 
centerline of  the  shell  is  fastened  down,  the  initial 
load  is  increased  significantly  and  improves  the  per- 
formance.  Fig. 14 relates  the  energy  absorbed  to 
displacement  in  the  corrugated  half-shell  for  both  the 
dynamic  and  static  conditions. 

5. Rigid  PVC  Foam - Rigid  Polyvinyl  Chloride  (PVC)  foam 
was  tested  at  both  low  -54C  and  high  +74C  temperatures 
because  of  the  concern  that  temperature  would  affect 
the  load-deflection  characteristics. It was  found  that 
for  low  density  foam,  temperature  had  little  effect. 
The  energy-absorption  was  good  with  about  an 80 percent 
stroke-to-length  ratio  before  bottoming-out  occurred. 
A 0.032  g/cm3  (2.0  pcf)  foam  that  was  tested  showed 
only  about a 15 percent  increase  in  load  under  dynamic 
loading.  However,  higher  density  foams  that  were 
tested,  0.056 g/cm3  (3.5  pcf)  and  higher,  were  highly 
rate  sensitive.  Fig. 15 shows a comparison of energy 
absorption  for  test  specimens  constructed of .04 gm/cm3 
(2.5  pcf)  PVC  foam  with  various  thickness  Kevlar  com- 
posite  and  aluminum  tubes.  Note  that  the  tubes  were 
.hollow  with  the  foam on the  outside,  whereas  the  foam 
would  be  on  the  inside of the  tube  when  incorporated 
into  the  floor  sections. 
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5. DESIGN,  FABRICATION, AND TESTING  OF  FULL-SCALE  FLOOR  SECTIONS 

5.1 DESIGN  CONDITIONS AND ANALYSIS  OF  FLOOR  SECTIONS 

The  floor  sections  were  designed  using  the  NASTRAN  (Ref. 6 )  and 
KRASH (Ref. 7) computer  programs.  NASTRAN  was  used  for  sizing 
the  structural  floor  to  react  the  seat  loads,  while KRASH was 
used  to  evaluate  the  effects  of  dynamic  loading of the  seat on 
the  structure  for a vertical  drop  test  condition.  The  results of 
the  design  support  testing  were  used  to  develop  the  ground 
reaction  loads  for  the KRASH analysis. 

The  seat  that  was  used  for  design  of  the  floor  section  was a 
floor-mounted,  stroking  seat  being  developed  by  NASA  and is shown 
in Fig. 16. The  two  crash  load  conditions, 30° nose  down  pitch 
and  longitudinal,  are a l so  shown  in  Fig. 16. The  NASTRAN  deformed 
plots  are  shown  in  Fig. 17. Note  that  on  Fig. 17, front  view, 
the  ground  reaction  load  from  the  keel  beam  located  under  the 
inboard  seat  rail forms a  couple  with  the  seat  reaction of the 
outboard  rail  causing  severe  bending  in  the  lateral  floor  member. 
If the  lateral  members  were  made  continuous  rather  than  the 
longitudinal,  the  lateral  members  would  probably  form  plastic 
hinges  at  beam  flange  crippling  locations,  if  overloaded,  but 
remain  continuous  with  good  residual  strength.  As  will  be  dis- 
cussed  later,  this  in  fact  did  happen  with  some  of  the  sections 
during  NASA's  testing  (Ref. 3 )  and  was  considered  a  good  fail-safe 
design  with  adequate  residual  strength  to  retain  the  seats.  The 
static  derivation  of  external  loads  and  structural  analysis  is 
found  in  Appendix B. 

The KRASH analysis  was  used as a check  on  the  NASTRAN  static 
analysis  to  ensure  that  the  floor  structure  would  be  adequate  for 
a  dynamic  crash  impact  type  of  loading.  The KRASH model  used  for 
the  floor  section  analysis is shown  in  Fig. 18. The  crushable 
subfloor  spring  load-deflection  data  were  developed  from  the 
design  support  test  data.  The  floor  structure  was  found  to  be 
adequate  for  a  vertical  drop  since  the  forward  static  condition 
(longitudinal  impact)  put  a  more  severe  loading  into  the  floor 
than  the  simulated 9.1 m/sec (30 ft/sec)  dynamic  drop  test 
condition.  A  comparison of the  response of the  seat  mass  between 
KRASH and  test  for  a  drop  test  condition  with  a  lumped  seat  mass 
is presented  in  Section 5.6. The KRASH model  is  documented  in 
Appendix C. 
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5.2 FINAL  CONCEPT  SELECTION 

Design  goals  for  the  crashworthy  fuselage  floor  concepts  were  as 
follows: 

- Control  crash  impact  loads  while  maintaining  an  integral 
structural  floor  which  is  needed  for  seat  retention  and 
for  providing  a  protective  shell  around  the  occupied 
area. 

maximum  energy  absorption in the  crush  zone. 

load-carrying  structure  under  normal  design  conditions 
while  providing  occupant  protection  and  energy  ab- 
sorption  under  crash  impact  conditions. 

- Exhibit  rectangular  load-deflection  characteristics  for 

- Be  lightweight  and  dual  purpose,  that is, serving  as 

- Be  inexpensive  and  practical  for  production. 

After  considering  the  design  goals,  the  results of the  design 
support  testing  and  the  application  to  an  actual  aircraft  fuse- 
lage  structure,  the  following  concepts  were  selected  to  be  incor- 
porated  into  floor  test  sections  and  fabricated  (these  are  shown 
schematically  in  Fig. 19): 

1. The  corrugated  web  with  notched-corner  intersections. 
2. The  corrugated  half-shell. 
3 .  Notched  corner  intersections  with  conventional  webs. 
4. The  foam-filled  cylinder. 
5. Canted  bulkheads  with  conventional  intersections. 

The  third  and  fifth  concepts  are  considered  minimum  modifications 
to  conventional  structures  (Fig.  20)  while  the  first,  second,  and 
fourth  concepts  are  more  unconventional.  This  section  could 
represent a I'minimum  modification"  to  existing  construction 
techniques  for  floor  structure.  For  example,  the  addition of an 
angle  near  the top of the  longitudinal  beam  (forming a channel 
with  existing  flanges)  could  form a stronger  upper  structure  out 
of the  original  floor  and  be  similar  to  the  shallow  5.08  cm  (2 
inch)  platform  of  the  energy  absorbing  subfloors.  The  use of 
notched  corners  (angles)  for  attaching  the  bulkheads  with  larger 
flange  radius  would  complete  the  modification  to  the  load-limiting 
subfloor  lower  zone. 

The  floor  section  assembly  is  shown  in  Figs. 21 and  22. The 
completed  floor  sections  are  shown  in  Figs.  22(c)  and  23.  The 
design  drawings  are  included  in  Appendix D. The  structural  floor 
that  was  identical  for  all  of  the  floor  test  sections  is  shown  in 
Figs. 21 and  22(a).  Note  that  the  lateral  structural  floor 
channel  members  are  continuous  and  the  bending  continuity of the 
longitudinal  members is provided by the  seat  tracks  above  the 
floor  and  the  straps  outboard  and  energy-absorbing  keel  beams 
inboard  below  the  floor.  In  addition,  the  belly  skin  and  contour 
were  identical  in  all  five  types of sections.  The  bulkhead 
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Figure  21 .  F loo r   s ec t ion  assembly. 
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longitudinal  spacing  is  27.9  cm (11 inch)  for  all  the  test 
sections.  Features of each of the  final  five  concepts  are  de- 
scribed  below  (design  drawings  are  included in Appendix D): 

1. The corrugated  beam  floor  test  section  resembles  con- 
ventional  airframe  structure  with  sheet  metal  skins, 
beams,  frames,  and  stringers  except  for  the  configu- 
ration of the  longitudinal  beams.  The  beam  web  material 
has  been  longitudinally  corrugated  to  promote  controlled 
collapse  during  the  crush  stroke.  The  corrugation 
pitch  is 5.8  cm  (2  inch)  while  the  amplitude of  the 
corrugation  is  2.3  cm  (.90  inch).  "Notched  corner" 
(Fig. 13) or  structurally  tailored  shear  clips  are  also 
incorporated  in  this  configuration.  (See  Fig. 23(c)). 

considerably  from  conventional  structure.  The  primary 
fore-aft  structural  member  resembles  one-half  of a 
large  corrugated  sewer  pipe  with a 36.83  cm (14.50 
inch)  diameter.  It,  and  outboard  frames,  supports  the 
exterior  belly  skin  (see  Fig. 23(d)). The  corrugations 
run circumferentially  with a corrugation  pitch  in  the 
longitudinal  direction  of  6.78  cm  (2.67  inch). 

3. The "mini-mod"  notched  corner  floor  test  section  incor- 
porates  conventional  metal  airframe  structure  with 
sheet  metal  skins,  beams,  frames,  and  stringers.  The 
shear  clips  that  tie  the  beams  to  the  frame  members 
have  been  structurally  tailored  to  reduce  their  column 
stiffness  and  promote  an  accordion-style  buckling  mode 
for  the  longitudinal  beams  and  frame  members  during  the 
crush  stroke.  (See  Figs.  20  and 23(a)). 

longitudinal  cylinders  with 15.3 cm (6 inch)  diameter 

filled  with PVC foam  material  appropriately  vented  for 
absorbing  energy.  The  cylinders  and  outboard  frames 
support  the  exterior  skin.  (See  Fig.  23(b)). 

5. The Ifmini-modlf  canted  bulkhead  specimen  incorporates 
conventional  metal  airframe  structure  with  sheet  metal 
skins,  beams,  frames,  and  stringers  except  that  all 
frames  are  canted  at  an  angle  of 30° from  vertical  to 
promote  their  collapse  for  vertical  impacts  and  help 
prevent  plowing  for  longitudinal  impacts.  (See  Fig. 

2. The  corrugated  half-shell  floor  test  section  differs 

4. The  foam-filled  cylinder  floor  test  section  uses  two 

. for  primary  fore-aft  structure.  The  cylinders  are 

22(c)). 

To  obtain a relative  comparison  of  the  various  concepts,  com- 
parable  bulkhead  and  web  sizes  were  used  based  on  strength  re- 
quirements  and  what  was  observed  in  the  NASA  fuselage  test 
sections.  The  lower  bulkheads  on  all  test  sections  were  the  same 
basic .064 cm  (.025-in)  sheet.  The  webs of all  the  crashworthy 
concepts  were -081 cm (-032-in) sheet  except  the  foam-filled 
cylinders  that  have -051 cm  (.020-in)  skins.  The  shear  clips  or 
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angles  which  include  the  notched  corners  that  tie  the  keel  webs 
to the bulkheads  were  all  .081cm  (.032-in)  sheet.  The  structural 
material  that  was  used  throughout  was 2024-T3 aluminum. 

The  final  assembly  weights  of  the  test  sections  were  as  follows: 

1. Corrugated  web  section 15.1 kg (35.5 lb) 

2. Corrugated  half-shell 16.6 kg (36.6 lb) 

3. Notched  corner  section 15.7 kg (34.5 lb) 

4. Foam-filled  cylinder 17.7 kg (39.0 lb) 

5. Canted  bulkhead  section 15.9 kg (35.0 lb) 

The  structural  floor  assembly  and  access  panels  for  each  section 
weighed 8.9 kg (19.5 lb).  It  should  be  noted  that  the  screw  and 
nut  plates  used  on  the  access  panels  added 1.1 kg (2.5 lb)  to  the 
section  weight  that  is  not  representative  of  lightweight  aircraft 
construction.  Note  also  that  most  of  the  concepts  were  relatively 
close  to  the  same  weight  (within 2 lb) except  for  the  foam-filled 
cylinder.  This  is  because  the  foam  weight  is  strictly  add-on 
weight  over  what  is  required  for  structural  purposes.  The  other 
concepts  take  advantage  of  the  structure  that  is  required  for 
basic  strength  and  is  reconfigured  to  make  it  crushable.  The 
weight  penalty  for  adding  crashworthiness  features  to  all of  the 
floor  test  sections  except  the  foam-filled  cylinder  is  estimated 
to  average 2.5 kg (5.5 lb). For a 2724 kg (6000 lb)  airplane 
with a floor  about  three  times  the  length  of  the  test  sections, 
this  would  be  a  penalty of about .3 percent  of  the  aircraft  gross 
weight.  For  the  foam-filled  cylinder  concept,  the  penalty would 
be  considerably  higher (0.5 percent  gross  weight). In  all, 
eighteen of  the  floor  sections  were  fabricated  with 3 or 4 
sections of each of the  five  concepts.  The  floor  sections  were 
to  be  used  for  static  and  dynamic  test  evaluation  at  NASA  Langley 
Research  Center  that  is  discussed  in  Sections 5.3 and 5.4. 
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5.3 STATIC TESTS  (Ref. 3 ) 

Static  compression  testing  was  conducted at NASA Langley  Research 
Center  in  order  to  determine  the  static  crushing  and  load-de- 
flection  characteristics of each  type of floor  section. 

A typical  experimental  setup  for  the  static  testing of the  five 
subfloor  concepts  is  shown  in  Fig. 24. A subfloor  is  shown  with 
two  loading  platforms  attached  to  the  rails at  seat leg  spacing 
of approximately  40.6  cm  (16  inches)  to  transfer  loads  to  the 
test  section.  Conical  rollers on the  top of the  loading  platforms 
allowed  the  platform  to  tilt  or  roll  during  the  crushing  process. 
The  machine  head  and  platen of the 4.5 MN (1.2 million-pound 
force)  loading  machine  used  to  obtain  load-deflection  (crush)  and 
strain  gauge  data  on  the  subfloors  are  also  shown.  Loading  rate 
for  each  test  was 0.64 cm/minute (1/4 inch/minute). 

Strain  gauge  rosettes  shown  in  Fig. 25 at  various  locations  in 
the  subfloor  crush  zone  were  used  to  measure  strain  distribution 
beneath  the  subfloors.  The  various  rosettes  were  connected  to 
junction  boxes  (Fig. 24) that  were in turn  connected  to  Beckman 
data  acquisition  system  for  recording  at  a  sampling  rate of 1 
sample/second. 

Lateral  separation  of  the  platforms  and  vertical  crush  of  the 
subfloors  were  measured  with  deflectometers  shown in Fig. 24. 
Sixteen  millimeter  cameras  running at 8 pictures/  second  provide 
photographic  coverage of each  test. 

Static  test  results  for  the  five  load-limiting  subfloor  concepts 
are  presented .in Figs.  26  through 30. Shown on the  left  of  each 
figure  are  photographs of the  subfloor "beforef1 testing  and 
"after1'  testing,  whereas  on  the  right  of  the  figures  are  the 
load-deflection  (crush)  results  from  the  static  loading  tests. 
Loads  and  displacements  are  given  in  both SI and  English  units. 

Several  important  points  may  be  deduced  from  these  results. 
First, as  evident  in  the  after-test  photographs,  none of the  five 
subfloors  broke  apart  but  remained  structurally  intact  and  had 
residual  strength  after  collapse  of  the  lower  crush  zone.  Second, 
under  the  static  loads,  the  load  platforms  rolled  outward  (except 
for  the  corrugated  beam-notched  corner  section)  as  plastic  hinges 
formed  either  at  the  inner  rail  location  or  in  the  center of the 
subfloor.  Third,  the  formation  of  plastic  hinges  was  as  designed 
to  help  prevent loss of  structural  integrity  and  to  maintain 
seat-to-structure  integrity  in  the  event  of  overload  conditions 
on  the f l o o r .  Fourth,  although  all  five  subfloor  sections  per- 
formed  well  in  that  no  break-up  (structurally)  occurred,  some 
collapsed  with a more  constant  load  with  displacement  than  others. 
Compare,  for  example,  Figs. 26 and 27 with  Figs. 28 through 30. 
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Figure 24. Typical  experimental set-up  for static  testing  of 
fuselage floor sections. 
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Figure 25. Typical  strain  gage  instrumentation. 
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Figure  26 .  S t a t i c  t e s t  r e s u l t s   f o r   c o r r u g a t e d  web concept.  
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F i g u r e  2 7 .  S t a t i c  t es t  r e su l t s  fo r   co r ruga ted   ha l f - she l l   concep t .  
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Figure.  .28.  Sta.tic tes t  r e su l t s   fo r   no tched-co rne r  "mini-mod" concept.  
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Figure  2 9 .  S t a t i c  t e s t  r e s u l t s   f o r   f o a m - f i l l e d   c y l i n d e r   c o n c e p t .  
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The  crushing  load  was  more  desirable  for  the  corrugated  beam- 
notched  corner  and  corrugated  half-shell  since  the  load  remained 
relatively  uniform  in  magnitude  throughout  the  loading  cycle 
compared  to  the  notched  corners,  foam  filled  cylinders  and  canted 
bulkhead  subfloors. 

A design  iteration on the  latter  three  subfloors  discussed  above 
could  eliminate  some of the  unwanted  behavior  noted  with  these 
approaches  in  the  lower  zone of the  subfloors.  For  example,  the 
high  peak  load  on  both  the  notched  corner  and  canted  bulkhead 
subfloors  could  possibly  be  reduced  by  providing  a  larger  radius 
on the  top  and  bottom  flanges  of  the  longitudinal  beams  to 
initiate  buckling  more  readily.  For  the  foam-filled  cylinders, 
removal  of  the  foam  probably  would  result  in  improved  static 
load-crush  behavior  since  the  foam  compression in the  confinement 
of the  cylinders  limited  the  available  vertical  crush  distance 
and  increased  the  load  which  caused  the  formation of the  plastic 
hinge  noted  in  Fig. 29. 

Photographs  of  the  static  test  results  for  the  corrugated  web  and 
foam-filled  cylinder  concepts  are  compared  in  Fig. 31. Note  that 
the  corrugated  web  concept  performed  excellently  with  no  notice- 
able  floor  distortion,  while  the  foam-filled  cylinder  concept  had 
noticeable  deformation  of  lateral  members  with  plastic  hinges 
formed  above  the  cylinder  locations.  However,  the  structural 
floor  for  the  foam-filled  cylinder  section  remains  intact  with 
excellent  residual  strength  for  seat  retention.  This  appears  to 
support  the  design  decision  to  use  continuous  lateral  floor  beams 
that  was  discussed  earlier. It should  be  noted  that  the  foam- 
filled  cylinder  section  did  not  have  any  noticeable  floor  dis- 
tortion  in  the  NASA  dynamic  test  as it did in  the  static  test. 
The  difference  was  the  result of the  method of applying  the 
static  load  which  introduced  a  lateral  outboard  load  component  to 
the  seat.  The  component  increased  with  increasing  floor  bending 
so that  once  the  floor  starts  bending,  the  applied  load  aggravates 
the  bending.  For  the  dynamic  drop  test  condition,  however,  the 
inertial  loads  developed on the  seat  mass  give  an  inboard  reaction 
load  that  acts  to  keep  the  seat  upright. 
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5.4 DYNAMIC TESTS ( R e f .  3 )  

Dynamic drop tests were conducted a t  NASA Langley  Research  Center 
t o   e v a l u a t e   t h e   r e s p o n s e   o f   t h e   f l o o r   s e c t i o n s   t o   c r a s h   i m p a c t  
type l o a d i n g   a n d   t o   d e f i n e   l o a d i n g   r a t e  effects on the  energy-  
absorbing  concepts .  

A t y p i c a l   e x p e r i m e n t a l   s e t u p   f o r   t h e  dynamic t e s t i n g   o f  the f ive 
subf loor   concepts  i s  shown i n   F i g .  3 2 .  The foam-f i l l ed   cy l inde r  
s u b f l o o r   s e c t i o n  shown i n  the f igure   had  two loading   p la t forms  
b a l l a s t e d   t o   a p p r o x i m a t e l y   t h e   t o t a l  mass of two convent ional  
s e a t s  and  two dummies each  of  75 kg ( 1 6 5  lbm) mass. To ta l  mass 
o f  the assembly was approximately 198 kg (435 lbm). 

The d e c e l e r a t i o n   r e s p o n s e s   o f   t h e   s u b f l o o r s   t o   v e r t i c a l   l o a d i n g  
a t  an  impact   veloci ty   of   7 .3  m / s  (24 f p s )   o n t o  a conc re t e   su r f ace  
were measured. The D . C .  s t ra in-gauge  type accelerometers  (re- 
s p o n s e   f l a t  from D . C .  t o  2000 Hz) were mounted a t  each  loading 
p l a t f o r m ,   a t   t h e   u p p e r  mass c . g .   l o c a t i o n s ,   a n d   a t  the c e n t e r   o f  
t h e   s u b f l o o r .   I n   a d d i t i o n   t o   t h e   v e r t i c a l   d e c e l e r a t i o n s ,   l o n g i -  
t u d i n a l  and l a t e r a l   r e s p o n s e s   a l s o  were measured a t   t h e   u p p e r  
mass c . g .   l o c a t i o n s  and a t   t h e   c e n t e r   o f   t h e   s u b f l o o r  and  only 
a d d i t i o n a l   l a t e r a l   r e s p o n s e s  were measured a t  the  two o u t s i d e  
co rne r s  of  each  loading  platform.   Data   s ignals  were t r a n s m i t t e d  
from the   sub f loo r   t h rough   an   umbi l i ca l   cab le   t o  a near-by  control  
room where t h e   s i g n a l s  were condi t ioned,   amplif ied  and  recorded 
on  FM-multiplex  tape  recorders.  600-Hz low pass  f i l ters were 
used  with  the  recording  system. 

The t e s t  procedures   involved  level ing the s u b f l o o r   p r i o r   t o  
r a i s i n g   t h e   s e c t i o n  by e l e c t r i c   h o i s t   t o  the des i r ed   d rop   he igh t  
of 2 . 7  m ( 9  f t . ) .  The t ape   r eco rde r s  and three  cameras were 
s t a r t e d .  One camera  provided  overall   coverage a t  400 p i c t u r e s /  
second  and  two other  cameras a t  1000 pictures/second  provided 
c loseup   f ron t  and side views  of   the  subfloor   impact .   Final ly ,  
the cargo hook was e l e c t r i c a l l y   a c t i v a t e d   t o   a l l o w   t h e   s u b f l o o r  
t o   f a l l   t o   t h e  impact   surface.   Post- tes t   photographs were then  
made t o  supplement t h e  pre tes t   photographs   o f   each   subf loor .  

Data  from  the FM t ape   r eco rde r s  were d i g i t i z e d   a t  4000 samples/ 
s econd   and   conve r t ed   by   ca l ib ra t ion   f ac to r s   t o   eng inee r ing   un i t s  
from  which  deceleration curves were p l o t t e d   ( F i g s .  33 t o  3 7 ) .  

Dynamic responses   to   impact   loading  on each   of   the  f ive subf loo r  
s e c t i o n s   a t  a ve r t i ca l   impac t   ve loc i ty   o f  7 . 3  m / s  ( 2 4  f p s )  w i t h  
Oo p i t c h  and r o l l   a n g l e s   a r e   p r e s e n t e d   i n   F i g s .  33 through  37. 
Photographs  of t h e  subf loor   "before"   and   "a f te r"   the   impact  tests 
are   included  on the l e f t  along with experimental   and  analyt ical  
responses   of   the   upper   lead mass c . g .   ( t o p   r i g h t )  and  only  experi-  
mental  response  on t h e  f l o o r   a t   t h e   c o r n e r   o f   t h e   l o a d i n g   p l a t f o r m  
( b o t t o m   r i g h t ) .  



Figure 32. Typical   experimental   se t -up  for   dynamic  tes t ing 
of f u s e l a g e   f l o o r   s e c t i o n s .  
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Figure 36. Dynamic test results for foam-filled cylinder concept. 
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Figure 33 presents  the  response  for  the  corrugated  beams - notched 
corners  subfloor.  Deceleration  for  the  corner of the  loading 
platform on the  floor'shows  high  frequency,  local  floor  vibrations 
at approximately 350 Hz superimposed on the  underlying  pulse, 
however,  similar  shape,  magnitude  and  duration  to  that of the  c.g 
response  are  evident.  Only  minor  oscillations  are  evident  on  the 
deceleration of the c.g. High  inherent  damping of the  lead 
minimized  the  higher  frequency  vibrations.  Duration  of  the  basic 
deceleration  pulse  was  approximately .04 seconds. 

As may  be  noted  in  Figs. 26  and 33, the  upper  floor  structure 
of the  corrugated  beams  notched-corner  subfloor  was  undeformed  in 
both  the  static  and  dynamic  tests. A comparison  of  the  c.g. 
deceleration  with  the  static  load-deflection  data  shows  the  same 
basic  shape  for  the  dynamic  response  as  that  noted  for  the  static 
data.  Consequently,  the  static  load-deflection  response  was  very 
similar  to  the  dynamic  behavior  of  the  subfloor.  For  example, 
deceleration  rapidly  reached  approximately 20 g's  and  gradually 
increased  to  a  peak  of  approximately 39 g's  exhibiting  the  same 
character  as  the  static  load  with  stroke. 

The  behavior  of  the  corrugated  half-shell  subfloor  to  impact 
loads  is  illustrated  in  Fig. 34. The  deceleration  on  the  floor 
at  the  corner of the  loading  platform  shows  basically  the  same 
load  pulse  as  the  c.g  mass;  however,  a  higher  frequency  local 
vibration  of  the  floor  around 600 Hz occurred  on  the  pulse  in 
this  case.  Deceleration  of  the  lead  mass  c.g  was  around 30 g's 
throughout  the  approximately - 0 4  seconds  collapse  time  of  the 
corrugated  half-shell  crush  zone.  The  relatively  constant  limit 
load  provided  by  the  corrugated  half-shell  is  desirable  to  achieve 
the  maximum  energy  dissipation  with  available  stroke. 

As may  be  noted  in  the  static  case  in  Fig. 2 7 ,  a  plastic  hinge 
occurred  in  the  middle of the  upper  floor  structure  after  approxi- 
mately 7 . 6 2  cm (3 inches)  of  crush  which  corresponds  to  a  de- 
flection in the  dynamic  case  at  about 0.015 seconds.  In  the 
dynamic case, the  upper  floor  structure  was  essentially  undeformed 
during  the  impact  loading  due  to  the  resistance of the  vertical 
inertia  of  the  loading  platform  to  a  change  in  motion  direction. 
Consequently,  during  the  first 7 . 6 2  cm (3 inches)  of  deflection, 
the  static  load-qeflection  was  a  good  representation  of  the 
dynamic  behavior. 

Figure 35 presents  the  dynamic  response  on  the  notched  corners 
concept  to  the  crash  loading.  The  floor  response  was  essentially 
the  same  magnitude  as  that of.the c.g  except  the  superimposed 
floor  vibrations  on  the  basic  pulse  are  predominantly  around 600 
Hz. Deceleration  of  the  lead  mass  c.g.  was  fairly  constant  at 
about 25  g's  during  the .04 second  pulse  duration  but  somewhat 
higher  amplitude  vibrations  than  experienced on the  previous  c.g. 
decelerations  are  evident  in  this  case  at  about 350 Hz. 
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In the  static  test  of  this  section,  plastic  hinges  formed  in  the 
upper  floor  at  the  lateral  locations of the  notched  corners  (Fig. 
28) just  prior  to  2.54  cm (1 inch)  of  crushing. In the  dynamic 
case  however,  the  floor  structure  remained  undeformed  as  shown  in 
Fig.  35.  Although  the  static  load-deflection  data  had  an  initial 
high  load  peak  followed  by  a  gradual  reduction  in  load,  the 
dynamic  response  did  not  reflect  as  pronounced  a  variation  but 
was  generally  more  constant  in  amplitude  which,  as  previously 
noted,  is  a  desirable  behavior.  This  behavior  again  may  be 
attributed  to  the  absence of any  plastic  hinge  formation  in  the 
dynamic  test. 

Dynamic  response  data  for  the  foam-filled  cylinders  subfloor  are 
presented  in  Fig.  36. A comparison  of  the  magnitude  of  the  floor 
deceleration  with  that of the  c.g.  indicates  that  the  floor 
response,  with  superimposed 600 Hz floor  vibrations,  was  slightly 
lower  in  magnitude  than  the  c.g.  pulse.  As  shown  in  the top  
right of the  figure,  the  c.g.  deceleration  was  a  relatively 
constant  approximately 40 g  pulse  of  about  .035-second  duration. 
A low  amplitude  higher  frequency  vibration  is  evident  on  the  c.g. 
response  as  was  the  case  for  the  previous  subfloors. 

This  static  load-deflection  data  for  the  foam-filled  cylinders  in 
Fig.  29  indicates  that  at  approximately 5.72 cm  (2.25  inches)  of 
crush,  lateral  bending of the  upper  floor  occurred  due  to  plastic 
hinge  formation  at  the  location  of  the  foam-filled  cylinders. As 
may  be  noted,  however,  in  the  dynamic  test,  the  floor  remained 
undeformed. 

The  dynamic  responses  for  the  canted  bulkheads  subfloor  are 
presented  in  Fig. 37. The  measured  deceleration  on  the  floor 
again  shows  the  characteristic  local  floor  vibration  of  approxi- 
mately  600 Hz superimposed  on  a  basic  load  pulse  that  appears  to 
be  slightly  lower  in  magnitude  than  the  lead  mass c.g. response. 
Deceleration  of  the  lead  mass  had  an  initial  peak  of  above 40 g's 
or  more  followed by a relatively  constant  level  around  25  g's. 
Lower  amplitude  vibrations  are  also  evident  on  the  c.g.  response. 

Although  the  lateral  bulkheads  in  this  subfloor  concept  were 
canted 30' from  the  vertical,  the  stiff  longitudinal  floor  beams 
caused  the  formation  of  plastic  hinges  at  the  location  of  the 
longitudinal  beams  early  in  the  static  loading  cycle  (Fig.  30). 
Following  this  buckling of the  upper  floor,  the  load  level  under 
the  reduced  stiffness of the  section  was  relatively  constant  with 
deflection.  A  comparison  of  this  static  behavior  with  the  shape 
of the  dynamic  c.g.  response  shows  good  correlation  as  far  as 
similarity  in  the  trend  of  response. 

Beyond -01 second,  the  reduced  stiffness  of  the  static  data of 
the  nonlinear  crush  zone  (springs)  underpredicts  the  magnitude  of 
the  dynamic  response.  Again  this  may  be  attributed  to  the 
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differences  between  the  static  subfloor  behavior  (Fig. 30); and 
the  dynamic  behavior  illustrated  in  the Ilafterll test  photograph 
in Fig. 37. As may  be  noted  in  the  latter  photograph,  the  dynamic 
behavior  of  the  canted  bulkheads  subfloor  did  show  the  initial 
stages of upper  floor  buckling  (plastic  hinges  formation);  how- 
ever,  the  severity  is  much  less  than  was  the  case  in  the  static 
tests.  Consequently,  the loss in  stiffness  in  the  dynamic  test 
was  less  following  the  initial  peak  load  and  the  measured  de- 
celeration  level  was  subsequently  higher  than  the  static  data. 

As was  mentioned  previously,  the  method  of  applying  the  static 
load  at  the  seat  mass  location  resulted  in  a  lateral  outboard 
load  component  that  increased  as  the  floor  deformed.  For  the 
dynamic  conditions,  the  seat  mass  load  acted  inboard  as  the  floor 
deformed  due  to  the  inertial  reaction  (Fig. 38). This  phenomenon 
also  resulted  in  higher  inboard  seat  loads  relative  to  the  out- 
board  seat  loads  in  the KRASH dynamic  analysis  which  did  not 
occur  in  the  NASTRAN  static  analysis. Thus, static  analysis  and 
structural  load  deflection  test  may  not  accurately  define  the 
seat  and  floor  loads  or  loading  through  the  inboard  energy-ab- 
sorbing  beam  when  compared  to  dynamic  analysis  and  test.  Notice 
again.the  large  differences  in  deformation  of  the  structural 
floor  between  static  and  dynamic  test  results.  The  floor  is 
deformed  considerably  in  the  static  tests,  as  shown  in  Figs. 27 
through 30, yet  there  is  no  noticeable  deformation  found  in  the 
dynamic  tests  shown  in  Figs. 34 through 36 and  with  only  minor 
deformation  in  Fig. 37. This  illustrates  clearly  the  differences 
in  floor  loading  (also  seat  loading)  that  can  occur  between 
static  and  dynamic  loading. 
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Figure 3 8 .  Comparison of s t a t i c  and  dynamic loading. 



5.5 ANALYTICAL  CORRELATION 

To incorporate  crashworthy  concepts  into  future  aircraft  designs, 
'adequate  analytical  tools  are  needed  to  predict  structure  crash 
impact  behavior.  As  described in Section 5.1, the  initial  design 
phase of  the  full-scale  floor  sections  utilized  the KRASH computer 
program to verify  the  structure  adequacy  for  the  NASA  drop  test 
conditions.  Upon  completion of  the  NASA  static  and  dynamic 
testing of the  floor  sections, a brief  test/analysis  correlation 
was  conducted  to  verify  the  reliability  of  the KRASH program. 

The corrugated  web  concept  was  selected  for  correlation  because 
the  NASA  tests  showed it to  have  excellent  energy-absorbing 
characteristics.  The KRASH math  model  from  the  design  phase  was 
modified  to  represent  the  test  configuration  (Fig. 18). A rigid 
mass  representation  replaced  the  elastic  occupant  and  energy- 
attenuating  seat  model.  The  load-deflection  data  for  the  energy- 
absorbing  subfloor  structure  was  obtained  from  the  NASA  static 
test  results.  Because  the  external  crushing  springs  in  the  KRASH 
program  do not permit  the  load-deflection  data  to  be  input  in 
sufficient  detail, a nonlinear  beam in series  with a stiff  linear 
spring  replaced  the  math  model  springs  (Fig. 39). 

The  KRASH  analysis  simulated  the 7.32 m/sec (24 ft/sec)  pure 
vertical  velocity  impact  test  condition.  The  time  history  ac- 
celeration  response  of  the  rigid  mass  occupant/seat  was  selected 
for  correlation.  Figure 40 illustrates  the  floor  section  before 
and  after  test  and  the  time  history  results  obtained  from  test 
and  KRASH.  The  plot  shows  excellent  agreement  between  test  and 
analytical  results.  The  agreement  in  the  results  depends  heavily 
on how  good  the  load-deflection  data  is  that  defines  the  crushing 
springs.  In  this  case,  the  static  test  data  was a good  re- 
presentation  of  the  dynamic  behavior  of  the  crushable  structure. 
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6. MODIFICATION OF FULL-SCALE  AIRCRAFT  STRUCTURE 

6.1 FUSELAGE  MODIFICATION 

The  third  and  final  phase of the  program  entailed  the  structural 
modification of two  twin-engine  airplane  fuselages  with  crash- 
worthy  subfloor  structure  concepts.  Each of the  five  concepts 
used  in  the  floor  section  design,  fabrication,  and  testing  phase 
was  evaluated  to  determine  the  two  most  suitable  concepts  for 
incorporation in the  fuselages.  The  primary  factors  considered 
in  the  evaluation of  the  concepts  were  crashworthiness  capability, 
weight,  and  construction  cost. 

Of  the  two  minimum  modification  concepts,  the  notched-corner 
design  was  selected  over  the  canted  bulkhead  design  because it 
exhibited  better  load-deflection  and  energy  absorption  charac- 
teristics  in  the  dynamic  tests. Also, the  notched-corner  concept 
was  a  slightly  lighter  weight  design  (see  Section 5 . 2 ) .  

Of  the  more  unconventional  concepts,  the  corrugated  web  with 
notched-corners  concept  was  judged  superior  to  the  corrugated 
half-shell  and  foam-filled  cylinder  concepts  even  though  all 
three  exhibited  excellent  load-deflection  and  energy  absorption 
characteristics  in  the  dynamic  tests.  The  foam-filled  cylinder 
concept  was  eliminated  from  consideration  because it had  a  large 
amount of foam in the  structure  and  carried  an  undesirable  weight 
penalty.  The  corrugated  half-shell  concept  was  lightweight, but 
it was  more  costly  to  incorporate  into  the  fuselage.  The  corru- 
gated  web  with  notched-corners  design  employed  conventional 
construction  and  had  the  lightest  weight  of  the  three  concepts. 

On each of the  airplanes,  the  fuselage  subfloor  structure  from 
the  main  wing  carry-through  spar  at  FS 140 to  aft  of  the  rear 
cabin  door  at  FS 244 was  replaced  with  crashworthy  subfloor 
structure.  The  modified  area  is  illustrated in Fig. 41. Of the 
existing  structure,  the  upper  floor  panel  was  left  in  place.  The 
keel  beams,  bulkheads,  stringers,  and  lower  contour  skin  were 
removed,  and  the  corrugated-web  or  notched-corner  concepts 
installed.  The  crashworthy  subfloor  structure  was  designed so 
that  the  lower  skin  contour  was  maintained,  including  the  skin 
gage.  Seat  tracks  were  installed  on  the  upper  floor  panel  to 
provide  seat  attachment  capability  for  future  crash  testing. 
Figures 42 and 43 illustrate  details  of  the  construction of  the 
corrugated  web  and  notched-corners  subfloor  structures,  re- 
spectively.  The  engineering  drawings  used  for  the  fuselage 
modification  work  are  included  in  Appendix  E. 

Photographic  documentation  of  the  actual  modification  work  is 
presented  in  Fig. 44. The  picture  sequence  shows  (a)  exterior 
views of the  two  original  aircraft,  (b)  an  interior  view of  the 
original  floor  structure,  (c)  a  fuselage  in  the  support  cradle 
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Figure 41. Fuselage  modification schematic. 



F i g u r e  42.  Fuselage modif ica t ion   de ta i l   o f   cor ruga ted  web concept. 



Seat   t rack  7 

Figure 43. Fuselage  modification d e t a i l  of  notched-corners  concept. 
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/ Main  wing carry-through 
spar 

(b) Interior  view  showing  floor 
with  panels  removed 

Figure 44. Fuselage  modification  work sequence. 
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Figure 44 (continued).  Fuselage  modification work sequence..' 
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Figure 4 4  (continued).  Fuselage  modification work sequence. 
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with  lower  contour  skins  removed,  (d)  the  original  subfloor 
structure  removed,  (e)  the  corrugated  web  subfloor  concept  struc- 
ture  installed,  and  (f)  the  stringers  and  lower  contour  skin 
during  installation.  Detail  photographs of the  structural  floor 
and  crashworthy  subfloor  concepts  during  the  fuselage  modification 
work  are  shown in Figs. 45 and 46, respectively. 

Both  the  corrugated-web  and  notched-corner  crashworthy  subfloor 
structures  were  designed  for  a  twin-engine  airplane  with  a  non- 
pressurized  cabin. As a  result,  the  typical  material  thickness 
used  in  the  subfloor  structure  was  0.0635  cm  (0.025-in).  However, 
for  the  same  airplane  with  a  pressurized  cabin,  the  material 
thickness  requirements are.typically  of 0.0813 cm  (0.032-in)  to 
0.1016 cm  (0.040-in).  However,  with  the  structural  floor  beefup 
underneath  the  floor,  the  lighter  gauge  webs  may  be  adequate  for 
a pressurized  cabin. 

A pressurized  cabin  airplane  was  used  as a basis  for  assessing 
the  weight  penalty  associated  with  incorporating  the  crashworthy 
subfloor  structure.  Modification  of  the  airplane  with  the 
notched-corner  design  increased  the  original  aircraft  weight  by 
approximately 6.8 kg (15 lb)  while  the  corrugated-web  design  was 
approximately a 9.1  kg  (20  lb)  increase.  For a 2724  kg (6000 lb) 
airplane,  the  weight  increases  were - 2 5  percent  of  gross  weight 
for  the  notched  corner  concept  and . 3 3  percent  of  gross  weight 
for  the  corrugated  web  concept. 
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Figure  45 .  S t r u c t u r a l   f l o o r   i n   f u s e l a g e   m o d i f i c a t i o n  work. 
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(a)  Notched-corners "mini-mod'' concept. 

(b)  Corrugated  web  with  notched-corners  concept 
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6.2 KRASH  ANALYSIS 

A KRASH analysis  was  conducted  to  evaluate  the  crash  impact 
performance  of  the  twin-engine  airplane  with  a  crashworthy  sub- 
floor  structure. To be  consistent  with  the  previous  floor  section 
test  and  analysis  correlation  work,  the  airplane  configured  with 
the  corrugated-web concept-was selected  for  the  analytical  in- 
vestigation. 

A KRASH math  model of a  twin-engine  low-wing  airplane  was  used 
based  on  the  work  done  by  Wittlin in Ref. 7. The  model  was 
developed  specifically  for  FAA-sponsored  correlation  work  using 
results  from  the  full-scale  airframe  crash  tests  conducted  at 
NASA-Langley  Research  Center  in  1977. 

Because  the  airplane  is  symmetrical  about  the  centerline,  only  a 
half  model  was  required  to  represent  the  structure.  The  original 
math  model  is  shown  in  Fig. 47. It was  comprised  of 39 mass 
points, 4 massless  mode  points, 85 beam  elements,  and 13 external 
crushing  springs. 

The  math  model  was  updated  to  reflect  the  actual  fuselage  struc- 
tural  modifications  for  the  incorporation  of  the  corrugated-web 
subfloor  concept.  Extra  mass  points  and  beam  elements  were  added 
to  model  the  bulkhead  at  FS  244.  The  crushing  springs  at  FS 137, 
FS 174, and FS  210  that  represented  the  original  lower  fuselage 
structure  were  removed.  From  the  floor  section  static  test 
results,  load-deflection  data  per  length  of  structure  was  obtained 
to  determine  the  distribution  of  crushing  load  between FS 140 and 
FS  244.  At  each  bulkhead,  a  vertically  aligned  nonlinear  beam 
element  in  series  with  a  short  stiff  linear  crushing  spring  was 
added  to  represent  the  crushing  characteristics  of  the  crashworthy 
subfloor  structure. 

To  make  the  math  model  more  representative  of  an  actual  airplane 
crash  test  article,  three  energy-attenuating  seats  and  occupants 
were  added  in  the  cabin  area.  The  simple  seat/occupant  models 
were  comprised  of  three  masses  and  three  beams  each.  The  seats 
were  modeled  to  stroke  at a constant  14.5g  load  based  on  the 
occupant  weight. 

Figure 48 illustrates  the KRASH math  model  of  the  twin-engine 
low-wing  airplane  with  the  corrugated-web  crashworthy  subfloor 
structure.  The  figure  also  shows  the  special  modeling  techniques 
used  for  the  lower  fuselage  crushable  structure  and  the  seat/ 
occupant  systems.  Comprehensive  documentation  of  the KRASH model 
is  included  in  Appendix F. 

From  previous  NASA  full-scale airplane  crash  tests,  a  typical 
impact  condition  was  selected for  a KRASH analysis  simulation. 
The  aircraft  had  a  26.8  m/sec (60 mph)  resultant  velocity  at 
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Figure .47. Baseline KRASH math  model of low-wing twin-engine airplane. 
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Figure 4 8 .  KRASH math  model  and  impact  condition f o r  f o u r t h  tes t .  
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impact with a 15O nose-down  flight path angle  and a 19O nose-up 
angle of attack. The initial  conditions  input to KRASH were 25.9 
m/sec  (85.0  ft/sec) longitudinal  velocity, 6.9  m/sec  (22.8  ft/sec) 
vertical velocity, and 4 O  nose-up  pitch  attitude. 

The  analytical results showed that the  simulated crash impact  was 
survivable  for the cabin occupants. The energy  attenuating  seats 
which  were attached to the strong structural  floor  stroked between 
7.4 cm  (2.9  in.) and 8.9  cm (3.5 in.). The  Dynamic Response 
Index (DRI) was less than 23 indicating  no  spinal  injuries  would 
have  occurred for this particular  impact. 
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7. CONCLUSIONS AND RECOMMENDATIONS 

Five  energy-absorbing  lower  fuselage  structure  concepts  were 
developed  for  improving  the  crash  protection of occupants  and 
appear  to  be  practical  for  incorporation  into  future  metal  air- 
frames.  Each of the  concepts  was  incorporated  into  a  floor  test 
section  that  featured  a  seat-supporting  structure  floor  or  plat- 
form  with  an  energy-absorbing  crush  zone  underneath.  The  concepts 
were  evaluated  by  static  and  dynamic  testing at the  NASA-Langley 
Research  Center  (Ref. 3). For  most  of  the  concepts,  good  results 
were  obtained  with  control of loads  to  the  structural  floor,  high 
energy  absorption,  and  good  structural  integrity  after  impact. 
The  lightest  weight  concepts  were  found  to  be  those  that  ef- 
ficiently  utilized  the  existing  structure  for  energy  absorption 
rather  than  those  that  incorporated  redundant,  add-on  materials 
such  as  foam. 

Experimental  static  load-deflection  data  and  dynamic  deceleration 
response  for  five  load-limiting  subfloors  indicate  that  the  floor 
sections  perform  well  throughout  the  loading  cycle;  that is, 
structural  integrity  and  residual  strength  of  the  subfloors  was 
maintained.  The  data  also  indicate  that  some  of  the  sections 
were  more  effective  in  providing  an  essentially  constant  limit 
load  with  displacement  than  others.  Further  design  iterations, 
however,  could  possibly  alleviate  the  undesirable  characteristics 
of  the  less  effective  sections. 

The  analysis  and  correlation  with  experimental  results  have  shown 
the  usefulness  of  statically  determined  crush  data  for  dynamic 
analysis:  however,  the  results  also  indicate  that  the  analyst 
must  exercise  care  and  have  some  assurance  that  the  static  de- 
formation  behavior  will  approximate  the  dynamic  deformation 
behavior.  Also,  the  floor  loading  can  be  considerably  different 
between  static  and  dynamic  tests  or  analyses. 

With  increasing  emphasis on advanced  composite  materials  for 
aircraft,  concepts  for  composite  airframe  structures  should  also 
be  investigated  and  evaluated  relative  to  metal  structure in  the 
future. 
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Derivation  of  external  loads 

General  assumption 

Seat  and  man  weighs  76.5kg (170 lb) 

Each  forward  seat leg  carries  the  same  compressive  load 
at any  instant  as described  in  Reference 8 

Each  aft  seat  leg  carries  the  same  tensile  load at any 
instant  as  described  in  Reference 8 

Energy  attenuator  load  is a constant 9323N  (2096 lb) 
throughout  the  motion 

Lateral  components  are  considered  in  the  seat  configu- 
ration  by  designing  for  an  impact  with a 30° yawed 
attitude  (see  page 17 of Reference 8 )  

Source of analysis.  method 

Reference 8. 

External  Loads  derivation 

The  loads  were  derived  in a manner  similar  to  that  described in 
Reference 8. Seat  geometries  were  constructed  for  four  specific 
times  after  impact  for  both  the  longitudinal  and  the 30° nose 
down  impact  cases  (see  Fig. B-1). The  occupant cg motions, 
occupant  load  factors,  and  seat  structural  member  axial  loads 
were  calculated  from  the  seat  geometries  and  the  assumed  constant 
attenuator  load  (see  Figs. B-2 to B-4). The  member  loads  were 
then  used  to  obtain  floor  reactions.  The  analysis  is  outlined 
below  and  the  results  summarized  in  Table B-I. From  this  table 
it is  apparent  that  case 4 (30° nose  down  impact)  and  case 3a 
(longitudinal  impact)  .are  the  critical  load  conditions. 
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TABLE  B-I. SUMMARY OF EXTERNAL  REACTIONS 

30° Nose Down Impact  (Ultimate  Loads) 

Seat 
Position 

1 

2 

3 

4 

Seat:  Forward  Leg 

Ha 
Horizontal 
Reaction 
N  (1b) 

-899 
(-202 ) 

778 
(175) 

3754 
844 

16285 
(3661) 

Va 
Vertical 
Reaction 
N (lb) 

6330 
(1423 ) 

6681 
(.1500 ) 

7215 
(1622 ) 

9964 
( 2240 ) 

Seat: Aft  Leg 

Hj 
Horizontal 
Reaction 
N (1b) 

-1330 
(-299) 

-2949 
(-663 ) 

-6041 
(-1358 ) 

-19585 
(-4403 ) 

Longitudinal  Impact  (Ultimate  Loads) 

Seat 
Position 

1 

2 

3 

3a 

r 

Vj 
Vertical 
Reaction 
N (1b) 

-2473 
(-556) 

-2927 
(-658 ) 

-3256 
(-732 ) 

-4253 
(-956) 

CG 
Vertical 

Displacement 
mm (in) 

0.0 
( 0 . 0 )  

61.214 
(2.41) 

140.716 
(5.54) 

231.394 
(9.11) 

Seat:  Forward  Leg  Seat:  Aft  Leg 

Ha 
Horizontal 
Reaction 

N (lb) 

-765 
(-172 ) 

2131 
(479) 

10573 
(2377 ) 

34972 
(7862 ) 

Va 
Vertical 
Reaction 
N  (1b) 

6530 
(1468 ) 

7905 
(1777) 

10911, 
(2453 ) 

19777 
(4446 ) 

Hj 
Horizontal 
Reaction 

N (lb) 

-3510 
(-789) 

-7971 
( -1792 ) 

-20239 
(-4550 ) 

-54833 
(-12327) 

vj 
Vertical 
Reaction 

N (lb) 

-6530 
( -1468 ) 

-7905 
(-1777) 

-10911 
(-2453 ) 

-19777 
(-4446 

CG 
Vertical 

I Displacement 
mm (in) 

0.0 
I 

(0.0) 

85.852 
(3.38) 

148.082 
(5.83) 

160.528 
(6.32) 
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30' nose down impact  case 

Seat  motion  during  impact: 

+ Z  

Seat 
P o s i t i o n  Yr deg P I  deg u ,  deg 

1 

12.25  78.84 17.42 4 

28.32 73.69 28.43 3 

44.77 66.30 42.27 2 

61.75  58.23 56.65 

Ln, mm ( i n . )  I 
237.74   (9 .36)  

250.95  (9 .88)  

227.33   (8 .95)  
~~ ~ 



I 

Load Calculations: 

+Z 

I (13.88-in) [ 

I n i t i a l   l e n g t h  of member AH = 358.40 mm (14.11 i n . )  

Constant   compressive  load  in  member AH throughout the motion 
= 9323N (2096 lb) 

From IFv  = 0 ,  IFH = 0 ,  and I M A  = 0 ,  the i n t e r n a l   l o a d s  PAB and 
PHJ and the  ex te rna l   l oad  PCG can be determined  as follows: 

-sin ci s i n  y cos  30° 

cos ci -cos y s i n   3 0 1  

0 352.55 s i n  y -Ln = 11:; 
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The  occupant  cg  load  factors  are  calculated  as  follows: 
n 

Gocc X6 = CCG 

The  vertical  motion  of  the  occupant  cg  is  calculated  using  the 
following  equation: 

hCG = 345.95  sin y + 233.68 

The  displacement  of  the  occupant  cg  from  its  original  position 
is  given  by  the  following  expression: 

'"CG - hCGo-  hCGi 
- 

where i = 2, 3, 4, (seat  positions) 

The  seat  reactions  which  are  the  input  loads  to  the  floor  are 
given  by  the  following  relations: 

HA 

vA 

HJ 

vJ 

PAB cos ct 

PAB sin ct 

PHJ sin y 

- 9323 COS $ 

+ 9323 sin $ 

These  floor  loads  for  each  seat  position  have  been  summarized  in  Table 
B-I. 

Longitudinal  impact  case 

The  seat  positions  are  identical  to  the 30° nose  down  impact  case 
except  that  position 4 (rebound  under  longitudinal  impact  loads) 
is  replaced  by  position  3a  where 

ct = 22.92O 

B = 76.84O 

Y = 19.83O 

hCG = 351.03 mm (13.82  in.) 
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From IFv = 0, IFH = 0 and ZMA = 0, the  internal  strut  loads  and 
the  external  occupant cg forces  can  be  determined  as  follows: 

-sin ct sin y 0 9323 sin p 

cos a "cos y 

0 352.55 sin y 

The  occupant  cg  load  factor  is  computed  as  follows: 

Gocc 756 = 'CG 

The  relationship  between seat  position  and  stroke  of  the  energy 
attenuating  member AH is given  by  the  following  equation: 

Following  is  a  summary of the  seat  positions: 

Seat 
Position 

1 
~~ 
~ . 

2 

3 

3a 

4 

L ~ ,  mm (in.) 

358.39  (14.11) 

266.19 (10.48) 

170.94  (6.73) 

120.40 (4.74) 

74.93 (2.95) 

Stroke, mm (in. ) 

0 

92.20  (3.63) 

187.45 (7.38) 

237.99 (9.37) 

283.46 (11.16) 

Similar  to  the 30° nose  down  impact  case  discussed  before,  the 
occupant  cg  horizontal  motions,  seat  member  loads,  and  seat 
reactions  are  calculated  for  the  longitudinal  impact  case.  The 
results  have  been  summarized  in  T.able  B-I. 

Internal  loads  derivation 

Using  a  half  model, a NASTRAN  static  analysis  was  performed  with 
load  cases  representing  each  impact  condition (30° nose  down  and 
longitudinal).  Two  seats  and  occupants  were  included in the  model 
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at  locations  either in the forward,  middle, or aft floor section. 
The NASTRAN  model is illustrated in Fig. B-5. 

The external  load  input to the NASTRAN floor section model was 
at  four  discrete  points: two each located  along BL 19.25 and 
BL 8.25. 

For the analysis the cabin was  assumed  unpressurized. 

The critical  internal  load  distribution  from the NASTRAN  analysis 
was at the aft seat location,  forward  leg (BL 19.25, FS 167.12). 
The f loo r  at this location  experienced a downward  load of 19777N 
(4446 lb) and  an  aftward  load of 34972N (7862 lb). 

Loads 

Summarized below are the NASTRAN calculated  internal loads for the 
longitudinal  impact  case 3a with two passengers in aft-mounted 
seats.  The  applied  external  loads  are those for the forward  seat 
leg  and  seat position 3a as shown in Table B-I. 

1 9 7 7 7  N 
( 4 4 4 6  l b )  

8 4 5  
( 1 9 0  

697226  N - n ~ n  1 8 8 0 9 6 1  N-m~n 1 8 8 0 9 6 1  N - m  6 6 8 8 7  N-mm 

( 6 1 7 1   l b - i n )   ( 1 6 6 4 8  lb- in)  ( 1 6 6 4 8   l b - i n )   ( 5 9 2   l b - i n )  ) 1206_N (0) 33% ( 
( 2 7 1  l b )  ( 7 5 8 5  lb )  

34972  N 

( 6 9 4 5   l b )  
2 0 5 1  N 

( 4 6 1  lb )  ( 7 8 6 2   l b )   - ( 6 4 0   l b )  

2 8 4 7  N 

9 3 9 5  N 9 3 9 5  N 
( 2 1 1 2   l b )  ( 2 1 1 2   l b )  t t  1 0 3 8 2  N 1 0 3 8 2  N 

( 2 3 3 4   l b )  ( 2 3 3 4  l b )  

1 7 4 . 7 5 2  nun 
( 4 . 9 6 - i n )  (6.88-in) 
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Figure B - 5 .  NASTRAN model of crashworthy  floor  section 
with  foam-filled  cylinders concept. 
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Material p rope r t i e s  

The mate r i a l   p rope r t i e s   fo r   va r ious  components  of t h e  floor sec t ion  
s t r u c t u r e  are presented  below. 

Seat t rack:  7075-T6 QQ-A-200/15 ext rus ion  

(Reference 9, pp 3-259) 

TU = 469 MPa (68 KSI) 

fTY 

= 393 MPa (57 KSI) 

= 421 MPa (61 KSI) CY 

E = 71.706 GPa (10.4 x l o 6  p s i )  

Channels  and skin:  2024-T3 QQ-A-250/4 sheet 

(Reference 9, pp 3-63) 

TU = 434 MPa (63 KSI) 

TY = 290 MPa (42 KSI) 

fCY = 269 MPa (39 KSI) 

E = 72.395 GPa (10.5 x l o 6  p s i )  

Doubler: 2024-T3  QQ-A-250/4 sheet 

(Reference 9, pp 3-63) 

TU = 441 MPa (64 KSI) 

TY = 290 MPa (42 KSI) 

= 269 MPa (39 KSI) CY 

E = 72.395 GPa (10.5 x 10" p s i )  
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Sec t ion   p rope r t i e s  

1-h (1.97-in) = 50 m-== 

7075 T6 Extrusion 

2.794 mm TYP 
10.668 mm (0.ll-in) 
(0.42-in 

9.398 nun 
(0.37-in) 

L 2 0 2 4  (QQ-A-250/4) T3 
oa' . 3  1.27 nun TYP 
0 *I (0.050-in) ~~ (QQ-A-250/4) T42 II 7 2024 

The e f f ec t ive   w id th   o f   sk in  i s  found as fol lows:  

bS = 1 . 7 t  JF (Reference 1 0 ,  pp C7.11) 

The a l l o w a b l e   c r i p p l i n g   s t r e n g t h ,   f C C ,   o f  a flange  with  one  edge 
f r e e  is found  as  follows: 

t 
1 . 2 7  

S O I  fcc = (.031)  $290)(72395)' 
- - 142 MPa (20.596 KSI) 
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so, bs = (1.7)(1.27) 4- 
= 50 mm (1.97 in) 

The  cross-sectional  area  is 455 mm2 (0.705 in2) and  the  area 
moment of inertia  for  vertical  bending  about  the  section  centroid 
is 290200 mm4 (0.697 in4). 

Stresses 

The  bending  stresses  at  the  top  and  bottom  flanges  are  calculated 
as  follows: 

Top  flange  (compression) 

Bottom 

Mz " - (1880961)(26.214) 
I Y (290200) 

= 170 m a  (24.657 KSI) 

flange  (tension) 
Mc - (1880961)(38.81) 
I 
" 

Y (290200 ) 

252 MPa (36.550 KSI) 

The  compressive  axial  stress  in  the  section  is  computed  as  follows: 
p -  33740 
A 455 fX 

= "  

= 74 MPa (10.733 M I )  

Summing  the  bending  and  axial  stresses  yields  the  following  maxi- 
mum  stresses: 

Top  flange  (compression) 

fmax = 170 + 74 
= 244 MPa (35.39 KSI) 

Bottom  flange  (tension) 

fmax = 252 - 74 
= 178 MPa (25.817 KSI) 
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The equ iva len t  stress d i s t r i b u t i o n  i s  shown below. 

74 MPa 

E +  
1 7 0  MPa 3 3  MPa 2 1 1  MPa 

2 1 1  MPa 

Therefore ,   the   margin of s a f e t y   a t  the bottom  flange i s  determined 
as   fo l lows:  

Rb 
- 
434 .4862 u l t ima te  

Rc - 142 - 33 = .2324 u l t ima te  

- 1 
M . S - u l t  - 

Rb -+ Rc 
- 1  

= 0.39 
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APPENDIX  C 

KRASH FLOOR SECTION MODEL LISTING 
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7.3 m/s.ec 
(24  f t / s e c )  

v e r t i c a l  
velocity 

Occupant/seat 
r l g u  mass 

. 

Outboard 

Forward 

Figure C-1. KRASH math model o f  f l oo r  s e c t i o n   w i t h   c o r r u g a t e d  
w e b  concept .  
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3 i 
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19 1 0 0 
20 1 0 0 
21 1 0 0 
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23 1 0 0 
24 1 0 0 
2s 1 0 0 
26 1 0 0 
27 1 0 8 
28 1 0 8 
29 1 0 0 
30 1 8 0 
31 1 0 0 
32 1 0 0 
33 1 0 0 
34 1 0 0 
35 1 0 0 
36 1 0 0 
.3? 1 0 0 
38 1 0 0 
39 1 0 0 
40 1 0 0 
41  1 0 0 
42 1 0 0 
43 1 0 0 
44 1 0 0 
4s 1 0 0 
46 1 0 0 
26 0 1 1 
27 0 1 1 
28 0 1 1 
29 0 1 1 
30 8 1 1 
31 0 1 1 
38 0 1 1 

END 
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